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ABSTRACT

Both silicon and silicon dioxide can be etched with an electron beam in the
presence of a xenon difluoride atmosphere in a process known as electron beam- induced
etching (EBIE). In order to study the EBIE process, a Hitachi S-3500N scanning electron
microscope (SEM) was modified to accept a vapor delivery system. Evidence has been
presented regarding the fundamental mechanisms by which EBIE occurs, as well as the
microscope variables that effect the etch process.
The effects of beam current and beam energy on the EBIE process were examined
for both materials. On silicon, it was observed that the increased current had little effect
on the etch rate. In contrast, high current enhanced the etch rate of silicon dioxide. For
both materials, increased beam energy resulted in a decrease in process efficiency, which
is consistent with the known decrease in interaction cross-sections at high energy.
It was proposed that the mechanism for the silicon etch process involved the
enhancement of a reaction in which a volatile SiF 4 species was formed from two SiF 3
molecules. In the case of silicon dioxide, the rate limiting mechanism is more unclear,
but is proposed to be initially limited by the electron stimulated desorption of oxygen
from the SiO 2 matrix.
Microscope variables have a profound effect on the etched features. Increased
probe current resulted in lower resolution due to the increased condenser lens setting and
larger probe size. Experiments performed at high energies, which correspond to smaller
probe size, resulted in higher feature resolution. It was also determined that an optimal
scan rate exists at which the etch process is most efficient.
iv
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CHAPTER 1
Literature Review

1.1 Introduction

Currently there is a variety of techniques used to pattern materials in integrated
circuit (IC) devices.

The most standard processes are photolithography, x-ray

lithography, electron beam lithography, and ion beam lithography with the most
prevalent of these being photolithography.
Photolithography is the process by which photons expose a region of a
photosensitive polymer (photoresist) coated wafer. The exposed polymer either becomes
soluble or insoluble depending on its tone (positive becomes soluble, negative becomes
insoluble) in a solvent known as a developer [1]. When light is passed through a device
known as a photomask, selected regions of the photoresist are shielded from the incident
photons while other regions become exposed. Therefore, when the wafer is placed in the
developer, the soluble portion of photoresist is removed and the desired pattern remains
imaged in the photoresist-coated wafer. The remaining photoresist protects the portions
of the wafer that are desired to remain during a subsequent etch process. Figure (1.1)
illustrates the steps of a simple photolithographic and etch process utilizing a positive
tone photoresist.
While photolithography using ultraviolet (UV) wavelengths is a highly robust
process, it is not without limitations. The resolution limits of photolithographic pattern
definition correspond to the wavelength of light used for exposure. As Gordon Moore’s
1
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Figure 1.1

A standard photolithographic and etch process. (a.) choice of substrate

material; (b.) spin coating of photoresist onto the substrate; (c.) exposure of desired
pattern through a photomask; (d.) post-exposure bake may be necessary to complete the
conversion of the photoresist; (e.) development of resist to remove exposed regions; (f.)
an etch process suitable to the substrate material; (g.) removal of photoresist
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1965 publication reported on, when the number of transistors per chip was plotted versus
the year in which the chip was manufactured, an exponential growth was observed [2].
This discovery, now widely known as Moore’s Law, is one of the underlying
explanations for the need to increase lithography process resolution. As an example of
the validity of Moore’s Law, in 1971 Intel reported an average count of 2,250 transistors
per chip. By 2000, the transistor count had reached 42,000,000 per chip [3]. This is in
good agreement with the value obtained by extrapolating Moore’s Law curve to the year
2000.
Therefore, as there are increasing requirements for higher device density, there
exists demand for greater lithography resolution. As such, the development of other
lithography techniques was and still is of paramount importance to advancing the
capabilities of IC fabrication.
The exploitation of short wavelength x-rays (4-20 Å) led to a new technique
known as x-ray lithography. The realization of 20 nm lithographically defined features
occurred by using x-ray lithography. One disadvantage of using x-rays as a source for
lithographic exposure is the typical low brightness achieved with standard electronimpact x-ray sources. However, with the emergence of synchrotron x-ray sources, the
issue of x-ray source brightness can be resolved. Other problems associated with x-ray
lithography are the instability of x-ray masks, and the existence of few compatible resist
systems [4].
Another widely used technique is that of electron beam lithography. The use of
electron beam lithography is common for specialty device fabrication or the patterning of
photomasks.

The process is particularly useful for its capability of rastering very
3

accurately over a small portion of the wafer and its ability to transfer a pattern directly to
a wafer. Unfortunately, this direct write pattern transfer creates the problem of low
throughput and high cost [4].
The exposure of electron beam resist is analogous to that of photoresist exposure.
The electron beam causes a chemical reaction causing the long polymer chains
(commonly poly(methyl methacrylate) or PMMA) to break, thus making them soluble in
a developer solution.

Following the exposure and development process, the use of

standard microfabrication techniques allows for pattern transfer onto the substrate [5].
The limitations of electron beam lithography are not associated with the
wavelength of electrons (typically ~ 1 Å), but with the scattering of electrons within the
resist.

Deflection of the incident electrons occurs when they collide with the solid.

Therefore, the exposed region of resist is generally much larger that of the electron beam
spot size. These unwanted exposed regions give rise to what is known as the proximity
effect. The proximity effect essentially places limits on the spacing between features that
can be patterned by electron beam lithography because neighboring areas not intended for
exposure actually receive exposure doses. Since these doses have a cumulative effect,
features must be patterned with adequate distances between them [5].
Another technique known as ion beam lithography has higher resolution
capabilities than all of the previously discuss lithographic processes. The relatively high
mass ions scatter much less than do electrons, thereby drastically reducing proximity
effects [5]. While these are tremendous advantages, ion beam lithography also has its
disadvantages. For example, stable and reliable ion sources are needed for the process to
be feasible. Another disadvantage to using ion beam lithography is the possibility for
4

implantation of ions into the substrate causing a change in the properties of the substrate
material [6].
Additional processing methods known as direct write approaches are under
investigation. These methods do not utilize a resist to transfer patterns, but rather directly
write or deposit the desired feature onto the substrate.
One direct write approach known as focused ion beam (FIB) has proven to be
quite successful for high resolution processing. In this technique, a focused ion beam is
used to enhance either the direct etching of or direct deposition onto a substrate. The
main drawback to FIB processing is the same as for ion beam lithography—ion
implantation in the substrate.
One application for which FIB has received much recent attention is the repair of
photolithography and x-ray lithography photomasks. The sub-100 nm requirements of xray masks impose strict dimension tolerances on any mask repair technique.

FIB

processing can actually damage the mask to the point that the mask features are
compromised. Liang et al. demonstrated FIB repair of both clear and opaque x-ray mask
features and were able to minimize ion- induced damage by utilizing a low energy ion
beam [7]. However, in order to continue the progress in direct write mask repair, either
resolution for low energy FIB must be further improved, or other low-damage direct
write techniques must be developed.
One such technique with possible application in mask repair as well as rapid
device prototyping is electron beam induced etching (EBIE) and deposition (EBID).
While electron- induced substrate damage occurs at high beam currents and energies [8],
it may be considered negligible for mask repair relative to FIB techniques. In the case of
5

device prototyping, device damage can be minimized by reducing the incident beam
current. Therefore, EBIE and EBID are ideal candidates for next-generation direct write
processing and thus deserve investigation.

The literature available on EBIE is very

limited and is generally concerned with the etching of silicon and SiO 2 —two materials of
great technological interest. As such, the remainder of this review focuses on the
chemical and physical processes associated with the electron beam- induced etching of
silicon and silicon dioxide.

1.2 Spontaneous Etching of Silicon with XeF2 Vapor

Prior to studying EBIE of silicon and silicon dioxide, it is instructive to
understand the chemistry of the relevant vapor-solid interactions. For this reason, a
review of the substantial literature regarding the spontaneous etching of silicon with
xenon difluoride is beneficial. As will be shown, XeF2 has a unique ability to etch both
silicon and silicon dioxide when exposed to an electron beam.
One of the early studies of the spontaneous etching of silicon with xenon
difluoride was performed by Winters and Coburn [9]. In their 1979 publication, they
reported that the etch rate of silicon varies linearly with the partial pressure of XeF2 in the
chamber. They also reported no observable spontaneous etching of SiO 2 . In this work,
the authors concluded that the dissociative chemisorption of XeF2 (Figure 1.2b) was the
rate limiting step in the etch process.
Later, the works of McFeely provided further insight into the silicon etch
mechanism and seemed to contradict the findings of Winters et al. By using high6
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Simplified schematic of the XeF2 – silicon etch process. A mechanistic

view of the spontaneous etching of silicon was described by Winters et al. as a 5-step
process. (a.) adsorption of XeF2 molecules to substrate; (b.) dissociative chemisorption
of XeF2 into adsorbed fluorine with xenon being released; (c.) etch product formation;
(d.) desorption of the byproduct SiF 4 ; (e.) removal of carbon contamination that may
potentially stop the etch process.
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resolution core level photoemission spectrometry, it was found that the major reaction
product, SiF 4 , could be found in varying concentrations in the sub-surface region of the
substrate. It was determined that the majority of SiF 4 was actually trapped in a thick
matrix of various fluorosilyl species. The surface species in the highest observable
concentration was found to be SiF 3 . In addition, only SiF was found on the surface of
(111)-2 x 1 silicon whereas SiF and SiF 2 were both found on (100)-2 x 1 silicon. From
these results, McFeely suggested that the breaking of Si- Si bonds must be involved in the
rate- limiting step [10].
Dagata et al. used a multiphoton ionization mass spectrometer to observe radical
species generated during spontaneous silicon etching. This study showed the presence of
SiF 2 in addition to SiF 4 in the gas phase. The SiF 2 signal showed a linear dependence
with XeF2 pressure. In addition, it was noted that SiF was not present in the gas phase. A
surface temperature study found the activation energies of SiF 2 and SiF 4 to be 6.7 ± 0.5
kcal/mol and 5.6 ± 0.8 kcal/mol, respectively.

The authors concluded that at low

temperature, the upper limit to the etch rate was determined by the competition of
production of fluorine on the surface (dissociative chemisorption) and the saturation of
fluorosilyl species to SiF 4 . At high temperatures, it was proposed that the etch rate
becomes limited by the breakup of the fluorosilyl layer. Importantly, the similarities of
each activation energy with that of the etch rate pointed to a singular rate- limiting step
from which all products emerge [11].
Some of the most detailed analysis of the XeF2 – silicon etch system was reported
by Vugts et al. in a series of papers from 1994 to 1996. Their earliest work on the
8

spontaneous etching of silicon determined that at 600 K, SiF 2 replaced SiF 4 as the
dominant reaction product. In this work, the fraction of consumed XeF2 is given the title
of reaction coefficient, e. It was found that e increased exponentially with temperature
indicating a higher etch rate. A measured reaction layer thickness of 38 monolayers
(ML) at room temperature was observed to decrease at higher temperatures. Based on
these results, coupled with the decrease of reaction layer thickness with incident flux they
initially determined that diffusion of fluorine through the reaction layer may play a role in
the etch process [12].
However, in a following publication, they rule out the notion of diffusion through
the reaction layer being a major factor in the etch process. In fact, the formation of the
fluorosilyl reaction layer was entirely dose dependent, not flux dependent. There were
found to be two regimes to this dose dependence. Within the first 100 ML of XeF2
exposure, a fast increase of surface fluorine concentration was noticed, followed by a
slower reaction layer formation regime. The latter of these could be described quite well
by the introduction of a chain model by which the reaction layer consisted of a steadystate layer of SiF -SiF 2 -SiF 3 chains [13].
Shortly following this publication, Vugts et al. performed a detailed experimental
study on the effects of substrate temperature on the Si/XeF2 system. Their results show
that from 150 K to 400 K, the etch rate actually decreases to a minimum. Below 150 K,
the XeF2 condenses on the surface and blocks the etch process. At approximately 600 K
the etch rate begins to increase again. The temperature dependence of the etch rate was
described quite well by equations (1.1) and (1.2).

9

Ed

δ 4 = δ 4, 0e kT
δ 2 = δ 2, 0 e

(1.1)

− E2
kT

(1.2)

Equation (1.1) corresponds to desorption of non-dissociated XeF2 from the substrate and
equation (1.2) corresponds to desorption of SiF 2 that occurs at higher temperatures.
Therefore, at low temperature the etch rate was seen to be controlled by precursor
desorption while at high temperature, byproduct desorption limited the etch rate [14].

1.3 Ion Beam-Enhanced Etching of Silicon with XeF2 Vapor

Since the literature on electron beam- induced etching of materials is quite limited,
it is instructive to study other beam-enhanced etch processes. This may provide further
insight as to the function of an energetic beam in an etch enhancement mechanism. Ion
beam etch rate enhancement has been seen to occur in XeF2 etch systems. This is the
process by which the spontaneous etch rate of silicon, for instance, is augmented by the
bombardment of energetic ions (usually Ar+).
The work of Chinn et al. showed that the etch profiles produced by ion beamenhanced etching of silicon could be controlled by adjustment of the ion beam energy,
current and the partial pressure of XeF2 in the system. The use of high pressures of XeF2
allowed for undercut etch profile to be realized, as the spontaneous etch component
added to the isotropic nature of the process [15].
The 1983 publication by Chinn et al. reported that surface bombardment with an
energetic ion beam produced substantially higher etch rates in silicon. In fact, for an ion
10

beam (Ar+ or XeF2 +) energy of 1000 eV, the spontaneous etch rate of silicon could be
enhanced by a factor of ten. A linear dependence of etch rate was seen to occur for
increased ion energy [16]. Also of great interest is the fact that the etch rate of the ion
enhanced process is greater than the sum of the spontaneous and purely physical ion
beam etch rates. This may indicate the occurrence of a completely different silicon etch
mechanism whilst under ion bombardment.
Focused Ga+ beams have also been used to enhance the etch rate of silicon by
XeF2 vapor. Ochiai et al. reported that the partial pressure of XeF2 and the incident angle
of the bombarding ion beam had a profound effect on the etch rate of silicon. Using a 35
keV Ga+ beam operated at 33 pA, an optimal incidence angle of 60o to 70o was observed.
In addition, a XeF2 pressure of one mTorr produced optimum etch rates in silicon [17].
Joosten et al. provided details into the mechanism of ion beam enhancement of
the XeF2 /Si(100)/Ar+ etch system. On a 1-millisecond time scale, the ion bombardment
contributes mainly to the physical sputtering of unsaturated fluorosilyl species from the
surface. These species are more tightly bound than the saturated SiF 4 and thus have a
higher energy barrier to desorption. On a 40- millisecond time scale, they found that ion
bombardment actually enhanced the formation of SiF 4 , which could be attributed to
widening a “bottleneck” in the chain reaction (possibly SiF 3 ? SiF 4 ). In the 4-second
range, the fluorosilyl reaction layer underwent redistribution of depth and species density.
Beyond this time scale, the production of broken bonds and vacancies by ion
bombardment created additional reactive sites. An interesting observation is that after the
ion beam was turned off, there remained a significant etch rate enhancement. This was
explained by subsurface damage created by the prior ion bombardment [18].
11

Vugts et al. revisited the XeF2 /Si(100)/Ar+ etch system in order to determine the
etch rate dependence on the flux of ions and XeF2 (neutrals). Physical and chemical
sputtering were found to be the main component of etch rate enhancement (Figure (1.3)).
According to this study, all other etch rate enhancement mechanisms were negligible
including enhanced spontaneous etching. Also of importance was the observation that
the etch rate dependence of the flux was solely a function ratio of the ion to neutral fluxes.
The etch rate increases as this ratio increases up to a value of 0.1 at which it saturates at a
value of 8 times the spontaneous etch rate. It was also determined that the production of
SiF 2 (a tightly bound species) increased with the incident ion energy [18].
In a subsequent publication, Vugts et al. reported on the temperature dependence
of the XeF2 /Si(100)/Ar+ etch system.

The etch rate undergoes a maximum at

approximately 250 K after which the etch rate falls off gradually.

This effect was

attributed to lowered surface fluorination and XeF2 presence at higher temperatures. It
was determined that the decreased etch rates at temperatures below 250 K could be
attributed to physical sputtering of the XeF2 precursor to the point that at 175 K, the ion
beam actually decreased the etch efficiency [19].

1.4 Electron Beam-Induced Etching

There have been few publications to address selective etching using electron
beam-induced chemistry. While these early publications provide great insight, no work
focuses exclusively on electron beam- induced etching and, therefore, detailed analyses of
this phenomenon are absent in the literature.
12
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Figure 1.3

Simplified schematic of physical and chemical sputtering processes. (a.)

physical sputtering where an energetic argon ion provides adequate energy to a tightly
bound SiF x species to allow for desorption; (b.) chemical sputtering where an incident
argon ion supplies energy required to react two SiF 3 species to form a volatile SiF 4 and an
adsorbed SiF 2 molecule.
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The earliest report of electron beam- induced etching was given in a 1979
publication by Coburn and Winters.

In this paper, the authors described three

fundamental processes by which radiation could enhance the etch rate of a material. The
first of these was dissociative chemisorption enhancement at defects created by electron
bombardment.

The second was the case of electron-enhanced dissociation of the

precursor. The final enhancement process they described occurred by electron-stimulated
removal of an adsorbed gas from the surface. The removal of this adsorbed layer would
allow dissociative chemisorption to readily take place, thus increasing the etch rate. In
this work, the results of electron beam- induced etching of SiO 2 and Si3 N4 were reported
[20]. Of great importance to the study was the fact that XeF2 does not spontaneously etch
silicon dioxide or silicon nitride, nor are they etched by electron bombardment alone [9].
Using a gas pressure of 8×10-2 Pa and a current of 45 µA, a linear increase in SiO 2
removal with time was observed. Auger spectra showed the presence of fluorine on the
surface, but xenon could not be detected. They concluded that the formation of SiF 4 must
have been rate limiting [20].
At least one possibility for the mechanism of the electron beam- induced SiO 2 etch
is the electron-stimulated reduction of SiO 2 to elemental silicon, followed by the etching
of the silicon.

The Motorola Semiconductor Products Division Electron Optics

Laboratory originally documented the reduction of SiO 2 by electron radiatio n during
Auger analysis in 1974. These results indicated that increased current in the µA range
increased the silicon signal while the silicon dioxide signal decreased. Also of interest
was the observation that a 3 keV beam caused greater reduction than a 2 keV beam.
Beam currents of less than 5 µA were required to reduce this effect [21]. Similar results
14

were shown by Carrière and Lang in which a reduction cross-section of 3×10-22 cm2 and
reduction efficiency of 10-7 molecules per incident electron were reported [22].
Watanabe et al. reported that under electron irradiation, thin SiO 2 films could be
thermally decomposed. After exposure of a region of a silicon dioxide film, subsequent
annealing at 720o C caused the thermal decomposition of the exposed region. The results
of this study indicated that the thermal decomposition was mediated by void nucleation
caused by SiO desorption and that the void density was much higher in the irradiated
region. They were able to conclude that the electron irradiation caused a decrease in
oxygen concentration, thus facilitating the formation of SiO [23]. While the
decomposition of SiO 2 under electron beam certainly occurs, it is still uncertain if this
process plays a major role in the electron-induced etching mechanism.
Matsui et al. performed electron beam-enhanced etch experiments on a silicon
substrate. Using a 10 keV beam, 100 pA, and 5 mTorr XeF2 , it was found that the
electron beam- induced etch depth of silicon was two times the depth of a spontaneous
etch. The study concluded that the etched depth was proportional to the electron dose.
They were able to achieve 500 nm linewidths in silicon [24].
Liang and Stivers reported on the damage- free repair of extreme ultraviolet
(EUV) masks using direct write etching technology. In this study, a quartz sample was
etched by a 1 keV electron beam at 100 pA at a rate of 77.5 nm/min. It was also shown
that the etched depth of low temperature SiO 2 was proportional to the electron dose. In
addition to quartz and SiO 2 , the ability to etch TaN was also demonstrated.
Unfortunately, an attempt to etch the chrome portion of the EUV mask was unsuccessful,

15

but the use of different precursor gases offers promise of electron beam etching of this
technologically important material [25].
More recently, Rack et al. published EBIE results indicating that the etched
volume per incident charge decreased with increasing beam energy. The etch resolution
was also shown to increase with increasing beam energy. This possibly indicated an
EBIE process resolution that was limited by electron gun optics. These results, while
only slightly below the sub- micron scale, offered promise that perhaps electronics and
not physics governed the EBIE resolution [26].

1.5 Adsorption and Desorption Kinetics

Since there is little understanding about electron- induced etching, it is necessary
to investigate some of the fundamental physics that may govern the process. Adsorption
and desorption kinetics are assumed to play a significant role in the etch mechanism due
to the nature of the precursor vapor-surface interactions.

Therefore, a review of

applicable surface adsorption and desorption kinetics is in order.
Physisorption is the binding of an atom or molecule to a surface by means of
weaker attractive forces than those of chemical bonding (i.e. by Van der Waals attraction).
Physisorbed species usually are weakly bound and thus have low enthalpy changes
associated with their adsorption and desorption.

The adsorption process can be

generalized by the reaction given in equation (1.3) in which A represents the adsorbate
and S represents the surface [27].
A(g) + S ?

AS

(1.3)
16

Adsorption and desorption can be described in terms of an impingement rate, I,
and a desorption rate, E. In the equilibrium case, these two rates are equal. There is
constantly impingement, adsorption and desorption taking place, but there is no net
accumulation of species on the surface. From the kinetic theory of gases, equation (1.4)
can be formulated to describe the surface population of adsorbate per unit area, na ,.


p
 ∆H des RT
na = 
τ 0 e
 2πMRT 

(1.4)

The variables in equation (1.4) are as follows: p is the adsorbate pressure, M is the molar
mass of the species, R is the universal gas constant, T is the absolute temperature, t 0 is the
mean surface lifetime constant, and ?Hdes is the enthalpy of desorption. Of utmost
importance in this relationship is the strong temperature dependence of the mean surface
population [28].
In order to apply equation (1.4) to real systems, it is necessary to make
assumptions regarding the interaction of adsorbed species. The Langmuir model is one
of the most useful descriptions of adsorption phenomena. The essential assumptions of
this model are that there are a finite number of sites and that a given site must be
unoccupied for adsorption to occur. Consequently, the maximum surface coverage is
limited to a single monolayer of adsorbate.

Equation (1.5) shows the mathematical

description known as the Langmuir adsorption isotherm where ? is the fractional surface
coverage and equation (1.6) describes the variable ?.

θ=

χp
1 + χp

(1.5)
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 τ 
1
χ =  a 
 n 0  2πMRT





(1.6)

Therefore, at high pressures the surface coverage, ?, approaches unity [28].
The significance of this as it relates to EBIE lies in the fact that irradiation of a
surface with an energetic species will inherently cause a change in substrate temperature.
According to equations (1.4), (1.5), and (1.6), this temperature change, if significant, can
cause a reduction in surface coverage thereby limiting the rate of EBIE (assuming a
mass-transport limited reaction).
A reductio n in chemisorbed species coverage can also occur by the electronstimulated desorption process (ESD).

ESD can result in desorption of an excited,

charged, or even neutral adsorbate species as seen in the energy diagrams of Figure (1.4).
The means by which this occurs is an excitation or ionization event caused by electron
impact. The excited species may have a different potential energy well that may favor
desorption as an excited species, or deexcitation followed by neutral desorption [28].
There are thousands of studies on the subject of ESD present in the literature
looking at a vast array of adsorbate-substrate systems. A 1971 review paper by Madey
and Yates presents a thorough summary of many of these systems as well as the
fundamental mechanisms associated with ESD. Experimental data showed that the ion
current generated via ESD is directly proportional to the incident electron current. Also
of great importance is the energy dependence of the desorption cross-section. It was
observed that the desorption cross-section generally increases in the incident electron
energy range of 100 to 300 eV to a maximum. It was also observed in some systems that
the maximum desorption cross-section did not occur even at energies up to 650 eV. This
18
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Figure 1.4

Qualitative potential energy diagrams of electron-stimulated desorption.

(a.) ESD of an ionic species results from ionization of the adsorbed species without an
attractive potential well. (b.) ESD of a neutral species occurs by deexcitation back to the
ground state followed by desorption.
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was attributed to low energy secondary electron (SE) emission in which these SEs were
able to induce ESD. A reversible increase in the desorption cross-section with increasing
temperature was also reported. The effect was explained by the reasoning that increased
temperature caused and increase in the adsorbate-surface distance due to vibrational
excitation [29].

1.6 Electron-Solid Interaction and Thermal Finite Element Modeling

Considering the significant role of electron-solid interactions play in the EBIE
process, it is advantageous to simulate electron behavior and its consequences within the
solid. D.C. Joy published one of the more comprehensive publications on the subject of
Monte Carlo-based electron-solid interaction simulations in 1991. In this work, two
types of Monte Carlo simulations were described—the plural scattering model and the
single scattering model. As single scattering is the more accurate depiction (and the more
computationally intensive), this section will detail the fundamentals of this model.
The Monte-Carlo technique employed in electron-solid interaction models
involved two basic assumptions. The first of these is that elastic scattering events as
described by the screened Rutherford cross-section (based on Coulombic interactions)
dictate the path of an electron through a solid. The second of these assumptions is that
the electron continuously loses energy along its trajectory. The relativistically corrected
screened Rutherford cross-section is given by equation (1.7).

σ E = 5.21 ×10 − 21

Z2
4π  E + 511 


2
E α (1 + α )  E + 1024 

2

(cm2 )
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(1.7)

The variable Z is the atomic number of the substrate, E is the energy of the electron, and
a is given by equation (1.8).
α = 3.4 ×10

−3

Z 0.67
E

(1.8)

Based on equations (1.7) and (1.8), the mean free path of the electron, ?, can be defined
as in equation (1.9).
λ=

A
N a ρσ E

(1.9)

The mean free path is a function of A, the atomic weight, and ?, the density of the
material (Na is Avogadro’s constant).
The step length between electronic collisions, S, can then be calculated by use of a
computer generated random number, R, greater than zero and less than unity. Equation
(1.10) mathematically defines the step length of an electron between collisions. Given
the step length, the direction of the trajectory must then be determined.
S = −λ ln( R) (cm)

(1.10)

The direction of the trajectory can be described by the scattering angle, f , and the
azimuthal scattering angle, ? , both of which can be calculated by equations (1.11) and
(1.12).
cos (ϕ ) = 1 −

2αR
1+ α − R

(1.11)

ψ = 2πR

(1.12)

The rate of energy loss of the electron while scattering throughout the solid is given by
the Joy and Luo modified Bethe expression in equation (1.13), where J is the mean
ionization potential and is defined by equation (1.14).
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dE
ρZ
1.166 E 
= −78500
log 
+ 1
dS
AE
 J

J = 10

−3

58.5 

⋅ 9.76Z + 0. 19 
Z 


(keV/cm)

(keV)

(1.13)

(1.14)

Equations (1.7) through (1.14) combined with some relatively simple trigonometric
relations provide all of the necessary information to calculate the trajectory of an electron
in a solid. Figure (1.5) is a diagram illustrating the geometry used in calculating the
position of the electron [30].
Since it is necessary to track the energy of an electron as it undergoes collisions
with the solid, it is possible to tabulate the total energy deposited per unit volume within
the solid.

This information is useful for determining the thermal effects caused by

electron bombardment. In order to determine these temperatures, it is necessary to solve
a parabolic partial differential equation (PDE), commonly known as the heat equation.
The heat equation in cylindrical coordinates is given in equation (1.15).

 ∂ 2T 1 ∂T ∂ 2T  H (r , z, t )
∂T
+
= α  2 +
+
∂t
r ∂r ∂z 2 
ρC P
 ∂r

(1.15)

The variables in the heat equation are the thermal diffusivity, a, radial position, r, axial
position, z, heat capacity, Cp , time, t, and H(r,z,t) which is known as the source term. The
source term is given in units of energy per unit volume per unit time. There are varieties
of ways in which PDEs can be solved analytically and numerically. With the advent of
the computing age and the cumbersome nature of analytical solutions, numerical
techniques have become a normal approach to solving PDEs. Perhaps the most useful of
these numerical techniques is through finite element modeling (FEM).

Numerous

commercial software packages exist that allow for the definition of boundary conditions
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Schematic of electron-solid collisions.

An electron can be tracked

throughout a solid by monitoring the energy lost at each collision along with the two
elastic scattering angles, f and ? mapped within a three-dimensional Cartesian coordinate
system.
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in one-, two-, or three-dimensions and solve a single or system of PDEs.

The

mathematics of FEM is rigorous and thus beyond the scope of this work, however it is
instructive to know that FEM is based upon division of the region of interest into small
triangular elements that are analyzed simultaneously [31].
Therefore, it is possible to use a Monte Carlo-based computer model to simulate
the energy deposition profile within a solid. Given this information, FEM can be used to
simulate temperature profiles within the substrate. The magnitude of the simulated
temperature rises may provide some insight into the mass transport phenomena that occur
at the surface during EBIE.
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CHAPTER 2
Experimental and Simulation Procedure

2.1 Sample Preparation

The samples used in the following EBIE experiments were test pattern wafers
used for determining lithography resolution and parameters. The silicon samples used
consisted of a silicon substrate with patterned aluminum features. The SiO 2 samples used
consisted of a 200 nm SiO 2 film grown on a silicon substrate with patterned tantalum
features. The use of a patterned sample simplified the location of experimental regions
during post-processing and imaging.
Prior to processing, it was desirable to remove residual contaminants on the
substrate, as they may have dramatic influence on the etch sensitivity.

A standard

cleaning process consisted of ultrasonic cleaning in acetone followed by an isopropanol
or methanol rinse. The sample was then dried using a compressed air stream. Sample
mounting was performed on a standard aluminum SEM stage mount.

Double-sided

carbon tape was used to secure the sample to the stage mount.

2.2 EBIE System

The system used to perform electron beam- induced etching consisted of a vapor
source mounted to a feedthrough port on a Hitachi S-3500 N variable pressure scanning
electron microscope. Precise vapor delivery to the sample necessitated the design of a
25

vapor delivery system capable of mounting on a standard SEM.

A generalized

schematic of the vapor delivery system is shown in Figure 2.1. A small flange containing
solid XeF2 crystals was connected to the vapor delivery system. The SEM chamber is
maintained at vacuum levels, so XeF2 vapor (vapor pressure at room temperature is 3
Torr) flows through the gas lines and exits through a hypodermic needle placed at the
substrate. A digital photograph documenting the modified SEM and the attached vapor
injection system is shown in Figure 2.2. The vapor injection system is capable of threedimensional movement in which the wobble stick may rotate about its axis. A vacuumcompatible bellows was used to allow for linear motion in the chamber providing the last
degree of movement.

2.3 Experimental Procedure and Analysis

The experimental process of electron beam- induced etching is highly sensitive to
SEM and vapor flow conditions. Therefore, in order to gain adequate control over
experiments, it was necessary to develop standard techniques that allow for reproducible
results.
Perhaps the most important experimental factor was the operation of the SEM. In
order to produce the desired EBIE results, the microscope must be operated with some
degree of knowledge. Since the EBIE process is sensitive, it is essential that the user be
able to control the variables affecting the electron beam and probe size. The beam energy
can be adjusted by changing the accelerating voltage of the electrons. The beam current
can be adjusted by use of the condenser lens setting (consequently, both of these affect
26

region.
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positioning, allowing for optimal placement of the vapor stream near the electron beam/substrate interaction

Figure 2.1 Vapor Delivery System Schematic. The vapor delivery system is capable of three-dimensional

SEM Chamber

Wobble Stick

Directional
capability of
wobble stick
Shutoff Valve

Gas Inlet

XeF2 Source

Figure 2.2 EBIE System Photograph. System is shown attached to a Hitachi S-3500 N
variable pressure scanning electron microscope.
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probe size). It is also desired to control the electron probe shape by ensuring proper
adjustment of the apertures, as well as proper stigmation and gun alignment. All of these
beam optimization functions are controlled by the software package included with the
Hitachi S-3500 N.
One technique that must be performed manually is the adjustment of the needle
position relative to the substrate. A relatively simple procedure was developed that
allowed for accurate determination of the needle location. After inserting a sample into
the SEM chamber and pumping to vacuum, the sample was moved to the desired working
distance (distance from sample surface to the objective lens) and the surface was brought
into focus so that the exact working distance, z, could be determined. Next, the needle
position was adjusted so as bring it into the field of view on the SEM screen as seen in
Figure (2.3a). Focusing on the needle allowed for the needle working distance, x, to be
determined. The difference between the sample working distance and the needle working
distance represented the distance from the needle to the sample. Figure (2.3b) is a visual
representation of the needle position calculation. Subsequent to beam optimization and
needle positioning, opening the shutoff valve and turning on the accelerating voltage, the
system is prepared fo r EBIE experiments.
Several microscope parameters allow the user to change the beam scan behavior.
For instance, point mode analysis causes the beam to focus on a single pixel defined by
the user. Area analysis allows the user to define a rectangular region to be scanned. In
addition, several pre-programmed scan rates are available, so that the user can select a
frame rate for the microscope. Sample current was monitored during experiments using
a digital picoammeter and beam current was determined with a Faraday cup.
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Figure 2.3 Needle position measurement. (a.) a scanning electron micrograph of the
needle tip showing the needle working distance determination.

(b.) a schematic

representing the dimensions required to determine the needle to substrate distance.
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Analysis of EBIE results was performed mainly in a Hitachi S-4300 SE/N
scanning electron microscope. The determination of etched feature size was done by
dimensional analysis using the image size and pixel size. In the case that the depth of a
relatively large feature needed to be determined, the specimen was imaged at an angle.
Using dimensional analysis, the depth was approximated by the measured depth divided
by the sine of the tilt angle.
For etched volume determination and more sensitive depth measurements, a
Dimension 3100 Nanoscope atomic force microscope (AFM) was employed. Tapping
mode etched silicon probes (TESP) by Veeco were used along with tapping mode AFM
to obtain three-dimensional etch data.

2.4 Simulation Procedure

Investigation of the thermal effects induced by the electron beam required the
development of a Monte Carlo model to simulate electron trajectories within the substrate.
A program utilizing the model described by Joy [30] was developed in the MATLAB
computing environment.
The electron trajectories were converted from Cartesian coordinates to cylindrical
coordinates, so that cylindrical symmetry could be assumed. Based on the electron
trajectories, the energy deposition profile was calculated as a function of radial and axial
positions.

The energy loss was approximated by dividing the spatial distribution of

electrons into regions of 3 radial nanometers by 3 axial nanometers and summing the
energy lost within each grid. This tabular energy loss data was then mapped into a two31

dimensional matrix compatible with the FlexPDE finite element software.

Details

regarding the code used to obtain the energy loss matrix can be found in Appendix A.
FlexPDE was then used to model the substrate with an etched feature as shown in
Figure (2.4). Cylindrical symmetry was assumed, so that the boundary condition at the
axis of symmetry is such that there is no thermal gradient present. All upper surfaces
were assumed to be insulating and no radiative losses were taken into account. The lower
axial boundary and the outermost radial boundary were assumed constant at 300 K.
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Figure 2.4 Finite Element Model Diagram. A schematic of the physical model shows
the general assumptions used in the FlexPDE finite element modeling software.
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CHAPTER 3
Experimental Results

3.1 Qualitative Results for EBIE of Silicon

While in the initial stages of experimentation, some useful empirical results were
obtained while attempting to find conditions favorable to etching. For instance, the
aperture setting was observed to have a slight effect on the etch resolution. The results of
etch experiments performed at two different aperture settings, were performed under the
following conditions: point mode analysis, 100,00x magnification, working distance of
6.8 mm, beam energy of 20 keV, and a sample current of 67 pA. The results of these
experiments are shown in Figure (3.1).
Another interesting observation in the etching of silicon was found to be
dependent on the magnification used to etch. Figure (3.2) shows the results for the
following conditions: point mode analysis, working distance of 6.8 mm, beam energy of
20 keV, a sample current of 290 pA, and variable magnification. As can be seen, the
magnification played a significant role in determining the etch structure. While the high
magnification etches have cleanly defined edges, the low magnification etches exhibit a
very thin film- like structure around the edge. The width of this film in relation to the
etched feature size decreases at high magnification, even though the total etched feature
size remains nearly the same.
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Figure 3.1

Micrographs: Silicon Etch Resolution and Aperture Setting.

Scanning

electron micrographs depicting the increased etch resolution in silicon obtained when
using a higher aperture setting.
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Figure 3.2 Micrographs: Effect of Magnification on Silicon Etching. Scanning electron
micrographs depicting the effect of magnification on the structure of the etched feature.
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The use of the SEM’s area analysis mode provided some interesting results
regarding the effects of current density on EBIE of silicon. Figure (3.3) contains
scanning electron micrographs of low and high current area analysis mode features
etched for 10 minutes. The conditions for the experiment are as follows: magnification
of 10,000x, a working distance of 6.9 mm, beam energy of 20 keV, variable current and a
2 µm x 2 µm square area defining the etch region. One of the most striking observations
from this experiment was the large area of peripheral damage occurring in the high
current experiments. While the low current etch maintained the geometry of the area
analysis scan, the high current etch exhibited a large, circular region of peripheral
damage. This peripherally etched region did not etch as quickly as the region under
primary electron irradiation.
Also of interest was the effect that the variation of beam energy had as illustrated
in Figure (3.4). With the exception of one anomalous data point (10 keV), there is seen
to be a general decrease of the feature size for higher beam energy etches. The etch
performed at 10 keV, at first glance, appears to be larger than the previous 5 keV etch.
However, upon closer inspection, the same effect as noticed in the low magnification
etches actually occurred. A very thin film was left remained along the outer edges of the
etched feature, while a small portion at the center of the feature was etched completely
through. As some of the space under the peripheral thin film had also been etched, it is
difficult to determine the actual dimensions of the etched feature. The conditions used
for the experiment were: approximately 1.0 nA sample current, variable beam energy, a
12.4 mm working distance, area analysis mode (250 nm x 250 nm), and a 1 minute etch
time.
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Figure 3.3

Micrographs: Effect of Current on Silicon Etching.

Scanning electron

micrographs depicting the effects of beam current on the etched feature structure in
silicon.
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Figure 3.4 Micrographs: Effects of Beam Energy on Silicon Etching. Scanning electron
micrograph depicting the effect of beam energy on the etched feature size.
.
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3.2 Quantitative Results for EBIE of Silicon

The previous observations were quite useful in determining some of the factors
controlling the EBIE process. However, more detailed and quantitative experiments were
necessary to begin to elucidate some of the fundamental mechanisms. The following
pages describe the experimental conditions and show the subsequent results obtained
from EBIE of silicon.
The effects of varying the beam current on the etch process were explored
through several experiments. It was observed that the etched feature resolution increased
for lower currents (lower current yielded a smaller feature diameter). This effect is
shown quantitatively in Figure (3.5). The feature size was nearly linearly proportional to
the current. The conditions of these experiments were: 20 keV beam energy, variable
current, 6.8 mm working distance, point analysis mode, 100,000x magnification, and a 2
minute etch time.
Figure (3.6) shows the effect of increased current on the volume removal. From
Figure (3.6), it is observed that an increase in current resulted in the removal of a larger
volume of silicon. It is important to note that the data represented in Figure (3.6) was
taken from the experiments shown in Figure (3.3) in addition to two other data points
(images not shown). The volume calculated in this case was the entire volume removed,
including the peripheral etch as seen in the high current experiment shown in Figure (3.3).
Also of importance in the EBIE process is the effect that the electron energy has
on the etch process. A series of experiments was performed using point mode analysis,
variable beam energy, a sample current of 290 pA, a working distance of 18.4 mm,
40

Figure 3.5 Plot: Effect of Current on Silicon Etch Resolutio n. A plot showing the
approximately linear relationship between the incident current and the etched feature
diameter in silicon.
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Figure 3.6 Plot: Effect of Current on Etched Volume of Silicon. A plot showing the
etched volume dependence on the incident beam current in silicon.

42

magnification of 20,000x, and an etch time of 2 minutes. The results of this work
showed an increase in process resolution at the higher beam energies, as shown
qualitatively in Figure (3.4) and quantitatively in Figure (3.7). In this case, a nearly
linear relationship is observed as the etched diameter decreases with higher beam
energies. The etch diameter at 5 keV was approximately 2300 nm and decreased to 900
nm at 20 keV.

The 10 keV anomalous data point was excluded because of the

measurement problems discussed previously.
In addition to the etch resolution, the volume removal rate of silicon showed a
strong dependence on the incident electron energy.

The volume removal rate was

observed to decrease with increasing beam energy as shown in Figure (3.8), again with a
nearly linear dependence. The volume removal rate decreased from 0.75 µm3 /min at 5
keV to 0.05 µm3 /min at 20 keV representing more than an order of magnitude decrease.
Again, the 10 keV data point was excluded.

3.3 Qualitative Results for EBIE of Silicon Dioxide

Similar to the silicon results presented in Section 3.1, many interesting qualitative
effects were observed in the initial experimental stages. Many of the same experimental
trends were observed, in addition to others.
One of the most striking effects observed in the etching of SiO 2 was the
anisotropy with whic h etching occurred relative to silicon. As can be seen in the SEM
and AFM images of Figure (3.9), a highly anisotropic etch was performed using a 10 keV
beam, a magnification of 100,000x, working distance of 5 mm, and an approximate
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Figure 3.7 Plot: Effect of Energy on Silicon Etch Resolution. A plot showing the etch
resolution in silicon as a function of the energy of the incident electron beam.
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Figure 3.8 Plot: Effect of Energy on Volume Etch Rate of Silicon. A plot showing the
volume removal rate of silicon as a function of the incident electron beam energy.
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Figure 3.9 Micrograph and AFM Cross-Section of a Silicon Dioxide Etch. (a.) A
scanning electron micrograph of an etch performed in silicon dioxide. (b.) An AFM
cross-section of an etch performed in silicon dioxide.
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current of 1.1 nA. Similar to some of the results obtained from etching silicon, a region
of peripheral damage is seen to extend beyond the primary electron interaction region.
Another interesting observation resulted from a series of experiments using
variable energy, and a high current of 5.91 nA. The bottom of the etches performed at
low energy consisted of a raised, rounded surface as seen in the 5 keV experiment shown
in Figure (3.10a).

In the lowest energy cases, this raised feature actually protruded

slightly above the surface as the AFM cross-section in Figure (3.10b) depicts.
Similar to the observations in silicon, the etched feature resolution in silicon
dioxide increased with decreasing current. In addition to improvements in resolution,
surface roughness and peripheral damage are seen to decrease with lower current as in
Figure (3.11).

3.4 Quantitative Results for EBIE of Silicon Dioxide

Studies that are more exhaustive were performed on silicon dioxide than on
silicon because xenon difluoride does not spontaneously etch silicon dioxide. Without
the intrusion of a spontaneous etch component, silicon dioxide allowed for an isolated
study of the EBIE process. While many of the general trends observed in silicon were
also observed in SiO 2 , there were many differences, such as the functionality of the trend.
One such case was the effect of beam current on the etched feature resolution.
While there was a general increase in resolution at lower currents, the functionality was
not linear. The conditions of the experiments were as follows: 12 keV beam energy,
variable current, point mode analysis, a magnification of 50,000x, a working distance of
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Figure 3.10 Micrograph and AFM Image of SiO 2 Etch Exhibiting Raised Feature. (a.) A
scanning electron micrograph showing the structure observed at the bottom of low energy
etches in silicon dioxide at 5 keV. (b.) AFM cross-section of an etch performed at 3.5
keV showing a feature raised above the surface.
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Figure 3.11

Micrographs: Effect of Current on SiO 2 Etching.

Scanning electron

micrographs depicting the reduction in feature size, roughness and peripheral damage
observed at lower incident current.
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10.5 mm, and an etch time of 2 minutes. The results of these experiments are plotted in
Figure (3.12).

The same experimental data showed that the volume removal rate

increased with increasing current as shown in Figure (3.13), again in a non- linear fashion.
Also observed was a linear increase in process resolution for higher energies as
was the case with silicon. At 3.5 keV the etch diameter was measured to be 2.1 µm,
while at 15 keV the diameter was 0.9 µm, representing a 57 % decrease in the etch size.
The results of these experiments are plotted in Figure (3.14). The conditions for the
experiments were 7.2 nA of incident current, point analysis mode, variable beam energy,
a working distance of 10.5 mm, 50,000x magnification and an etch time of 3 minutes.
In order to obtain more accurate etch rate data, experiments utilizing a reduced
screen scan mode at 40,000x magnification and a working distance of 10.5 mm. The
incident current used was 5.1 nA, the etch time was 4 minutes, and the beam energy was
varied. The results of this beam energy experiment are plotted in Figure (3.15) and show
a nearly linear decrease in the volume etch rate with increased energy. The volume etch
rate decreased from 0.018 µm3 /sec at 3 keV down to 0.004 µm3 /sec at 12 keV. This
corresponded to a 78 % decrease in the etch rate over a 9 keV beam energy range.
Another important factor in the EBIE process is the rate at which an area is
scanned with the electron beam. The SEM is capable of several different scan rates, all
of which are pre-programmed into the software controls. The following experiment was
an attempt to determine how the scan rate affects the etch rate of silicon dioxide. The
conditions for the scan rate experiment used an incident beam current of 5.98 nA, while
using a reduced screen mode at 35,000x magnification and a working distance of 10.5
mm. The beam energy used was 12 keV, and the etch time was 4 minutes. The results of
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Figure 3.12 Plot: Effect of Current on SiO 2 Etch Resolution. A plot depicting the etch
resolution in silicon dioxide as a function of the incident beam current (note the break in
the current axis).
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Figure 3.13 Plot: Effect of Current on Volume Etch Rate of SiO 2 . A plot depicting the
dependence of the silicon dioxide removal rate on the incident beam current (note the
break in the current axis).
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Figure 3.14 Plot: Effect of Energy on SiO 2 Etch Resolution. A plot depicting the etched
feature diameter as a function of the incident beam energy.
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Figure 3.15 Plot: Effect of Energy on Volume Etch Rate of SiO 2 . A plot depicting the
volume removal rate of silicon dioxide as a function of the incident beam energy.
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these experiments can be seen plotted in Figure (3.16) in which a non- linear increase in
volume etch rate is observed with increased frame rate.
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Figure 3.16 Plot: Effect of Frame Rate on SiO 2 Volume Etch Rate. A plot depicting the
dependence of the volume removal rate of silicon dioxide as a function of the frame rate.
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CHAPTER 4
Discussion of Results

4.1 Discussion of EBIE of Silicon

As shown in Chapter 3, the etch rate of silicon can be significantly enhanced by
electron irradiation. Microscope variables were shown to have substantial effects on
various properties of the resulting etch. For instance, in Figure (3.1), the aperture setting
was shown to have a slight effect on the etched feature resolution. The smaller feature
size was attributed to the increase in microscope resolution at the higher aperture settings.
The higher aperture setting provides a more highly focused beam, which translates to
higher etched feature resolution.
Figure (3.2) depicts a result that provided insight into what magnification settings
are appropriate for EBIE, however the reason for the observed phenomena is not fully
understood. The remaining thin film along the periphery of the features produced at low
magnification is assumed an artifact of the native oxide present on the silicon surface, or
a thin carbonaceous contamination layer.

As neither silicon dioxide nor carbon are

spontaneously etched by XeF2 , it is possible that the electron beam-stimulated process
actually etches the barrier layer providing a pathway to silicon, which subsequently
etches isotropically and undercuts the thin layer. It was also found that the thin layer
could actually be removed by ion bombardment. The removal of the thin layer revealed
that the underlying etch was very similar to those performed at high magnification. The
experiments were performed in order from the lowest magnification to the highest
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magnification.

Therefore, it is possible that since the etches performed at low

magnification were exposed to the precursor for a longer period of time that the silicon
beneath the thin oxide film was etched spontaneously by the xenon difluoride. While this
does not fully explain the observations, it would seem that this is a plausible explanation.
A large, circular peripheral damage region surrounding a square etched feature
was observed and is illustrated in Figure (3.3). Initially, it was thought that the high
current used during the etch process simply induced a larger number of backscattered
(BSE) and secondary electrons (SE) that were able to overcome an etching threshold.
However, this did not necessarily explain the circular nature of the damaged area. If this
were a BSE- or SEII-induced etch region, the expected peripheral damage region would
most probably follow the shape of the scanned region and be square. One possibility
seems to be that the electron beam is scattered by the gas present in the vacuum system.
These scattered electrons produce a low current density sheath around the irradiated
region. The etch events induced by the gas-scattered electrons are then likely responsible
for the peripheral damage shown in Figure (3.3b). Another possibility is that x-rays
generated by electron bombardment of the aperture induce the peripheral etching.
Figure (3.4) showed the effects of beam energy on the etched feature size. The
higher energy etches showed a smaller etch diameter than those performed at low
energies do.

This is presumed to be due to the decreased electron probe size—a

phenomenon inherent to electron microscopes. The explanation for the dependence of
the feature resolution on the beam current as sho wn in Figure (3.5) is also due to
microscope variables. At higher beam currents the condenser lens setting is increased
which is known to increase the electron spot size.
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While the etched volume as a function of current shown in Figure (3.6) is an
interesting result, it does little to aid in determining the role of the electrons in the EBIE
process. Firstly, the volume calculation can be significantly skewed by the spontaneous
etch component. Secondly, it is more instructive to view the process on a per electron
basis in order to observe trends in the process efficiency.

For these reasons, it is

necessary to analyze the data presented in the previous chapter.
A key assumption was made concerning the calculation of the etched volume used
to generate the plot in Figure (3.5). In the initial analysis, the entire volume removed was
used to calculate the etch rate. For example, as shown in Figure (3.3), there is a large
peripheral damage region that was included in the volume calculation.

Since the

peripheral damage region was not actually scanned by the beam, is should not be
included in the volume calculation since the scanned region is the area of interest.
Therefore, it is necessary to calculate the etch rate in the irradiated region alone. A type
of etch efficiency is realized by plotting the data of Figure (3.6) in the form of
monolayers etched per incident charge. The result of this calculation is displayed in
Figure (4.1).

The result shows that even though the etched volume increases with

current, the actual process efficiency decreases. This result suggests that the number of
electrons decreases the effectiveness of a single electron to stimulate an etch event. If
only the vertical etch rate as a function of current is considered as shown in Figure (4.2),
it appears that beam current actually has only a marginal effect on the etch rate. While a
very slight decrease in the etched depth is noticeable, this could easily be within the
margin of measurement error. It was concluded that beam current has a minimal effect
on the etch rate when the beam is scanned over a rectangular region.
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From this

nned scanned over a rectangular region. From this information, it appears that the
process is operating in a quasi- mass transport limited reaction regime.

Figure 4.1 Plot: Effect of Current on Etch Efficiency of Silicon. A plot depicting the
etch efficiency in silicon as a function of incident beam current.
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Figure 4.2 Plot: Effect of Current on Etch Rate in Silicon. A plot depicting the etched
depth in silicon as a function of the incident beam current.
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information, it appears that the process is operating in a quasi- mass transport limited
reaction regime.
The explanation for this observation may lie in the fact tha t these experiments
were performed in a scanning mode. Under conditions of optimal scan rate, the frame
loop time should be equal to the monolayer coverage time. These ideal circumstances
would result in the saturation of each pixel with precursor just prior to electron
bombardment. In this way, the process becomes more efficient than if the frame rate was
either slower or faster than the optimal rate.
Figure (4.3) shows a normalized etch rate versus dwell time plot that was
generated from a Monte Carlo-based gas dynamics and etching simulation [32]. The
simulation assumes the surface is initially saturated with precursor and is replenished by
a flux of precursor molecules that is a function of the gas pressure and obeys the kinetic
theory of gases. This code was used to model the precursor coverage as a function of
time, and to simulate the effects of the etch rate of silicon versus pixel dwell time at two
pressures and three beam currents. From Figure (4.3a), it is apparent that at high currents,
the etch rate drops rapidly as the surface precursor layer is consumed. The etch rate
decays to a constant value which depends on the gas pressures (i.e. 10-2 vs. 10-3 Torr)
which controls the gas refresh rate. In the case of low currents, the peak etch rate is
lower and the simulated decay is much slower. Figure (4.3b) is a simulation of the etch
rate for a 0.68 nA silicon etch using a precursor pressure of 10 Pa. These conditions are
representative of the experimental conditions of the first data point of Figure (4.1). These
experiments were performed in area analysis mode with a 2 µm × 2 µm square, which
corresponds to a single pixel dwell time of approximately 25 µs. Clearly, Figure (4.3b)
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shows that at 25 as, the etch rate has dropped off dramatically (to nearly zero), thus
reducing the effectiveness of the etch process.

Figure 4.3 Plot: Effect of Pressure and Current on Silicon Etch Rate (Simulation). (a.)
illustrates the importance of pressure and current, while (b.) shows the simulated etch rate
of the lowest current (680 pA) data point presented in Figure (4.1).
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shows that at 25 µs, the etch rate has dropped off dramatically (to nearly zero), thus
reducing the effectiveness of the etch process. According to the trends observed in
Figure (4.3a), increasing the current will only make the etch rate decay at a higher rate.
Therefore, the etch rate falls off at higher current and there are no substantial gains in the
etch rate for increasing the current as shown Figure (4.2). This suggests that higher etch
rates would require faster scan rates or significantly higher gas pressures.
In addition to the previous data analysis, it was also necessary to analyze the
effects of beam energy on the process efficiency. The data shown in Figure (3.8) depicts
how the volume etch rate trends with the beam energy. As shown in Figure (4.4), the
etch rate efficiency also turns out to be highly dependent on beam energy. This effect
could possibly be attributed to the reduction in secondary electron emission at higher
energies—a result that also agrees with the increase in resolution at high beam energy.
Another possible reason for this observation is that the probability of interaction between
an electron and a particle is decreased at high electron energies (lower cross-section).
The concept of a cross-section is used to describe a variety of electron-particle
interactions including electron- induced ionization, dissociation, etc. The electron-particle
interaction cross-section is a highly energy dependent quantity. The ionization crosssection for WF6 initially determined by Basner et al. [33] and later reproduced by
Kwitnewski et al. [34] is shown in Figure (4.5). Clearly, there is an increased probability
of ionization at lower electron energies. This particular cross- section has a maximum at
approximately 100 eV and decreases continuously to 2.5 keV where data acquisition
ceased. While all cross-sections differ based on the interaction and on the material
system, the trend observed in Figure (4.5) is generally the same. The low interaction
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fluorosilyl species are present on the surface at a given time during the etch process, there
is assumed to be a dominant species responsible for the majority of etch

Figure 4.4 Plot: Effect of Energy on Etch Efficiency of Silicon. A plot depicting the
etch efficiency of silicon as a function of the incident beam energy.
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Figure 4.5 Plot: Ionization Cross Section for WF6 . Electron impact ionization crosssection for WF6 as reported by Basner et al. [33] and Kwitnewski et al [34].
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efficiency inherent to electron-particle collisions at high energy may explain this
observation, but it does not point to a specific reaction mechanism.

While several

fluorosilyl species are present on the surface at a given time during the etch process, there
is assumed to be a dominant species responsible for the majority of etch events that occur.
Identification of the species with which an electron interacts and causes an etch event is
key to understanding the EBIE mechanism.
Even as few specifics are known about the physical processes involved in the
EBIE of silicon, some indications are present in the literature.

Previous studies by

Coburn and Winters [20] suggested that the formation of SiF 4 was the rate- limiting step
in the EBIE process. In addition, Vugts et al. deduced that ion beam enhancement of the
silicon etch rate occurred by one of two mechanisms—physical sputtering or chemical
sputtering [18].

These two processes are depicted in Figure (1.3).

While physical

sputtering is a momentum-transfer phenomenon (physical removal of SiF x species),
chemical sputtering has a chemical reaction component by which the formation of SiF 4 is
accelerated. The low mass of an electron prohibits significant momentum transfer to a
physisorbed molecule; therefore, any physical sputtering can be ruled out as an EBIE
enhancement mechanism.
The reaction component of chemical sputtering can be considered a possibility
for the electron beam enhancement of the silicon etch rate. In a manner analogous to the
chemical sputtering mechanism in the ion beam process, a simplified reaction scheme of
the EBIE process, which will be referred to as the chemical enhancement mechanism, is
presented in Equation (4.1).
SiF 3 + SiF 3 + e-(E0 ) ?

SiF 4 + SiF 2 + e-(E0 -? E)
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(4.1)

In this proposed mechanism, two SiF 3 molecules bound to the reaction layer (as discussed
in Section 1.2) are influenced by electron impact. This electron supplies the energy
necessary to cause a reaction between the two fluorosilyl species resulting in the
formation of a volatile SiF 4 molecule and a bound SiF 2 molecule. The observed energy
dependence of the etch rate can be explained by a cross-section for the reaction in
Equation (4.1), a decrease in SE emission, or both. Following the desorption of SiF 4 , the
remaining SiF 2 is available for further fluorination thus propagating the fluorosilyl
reaction layer.
Previously it was stated that the etch rate of silicon increased with incident ion
energy in an ion beam-enhanced process. The opposite trend with energy was seen in the
current work with electron beam induced etching. Since there is no momentum transfer,
the electron-species interaction as governed by the reaction cross-section seems to
determine the efficiency of the process, hence the observed decrease at high energies. It
is also possible that the decrease in efficiency could be due to a decrease in the SE
emission, which occurs at higher energy. In the case of ion beam-enhancement, the
increased etched rates at high energies were probably attributable to the increased
efficiency of momentum transfer as the beam energy was increased up to 2 keV (i.e. an
increase in the sputter yield which is typical for this energy range ).
While there is no direct evidence that the chemical enhancement mechanism is
definitely responsible for the observed effects, circumstantial evidence exists supporting
this conclusion. This mechanism is also consistent with EBIE and related observations
reported in the literature previously.

However, the results obtained could also be

attributed to a decrease in the secondary electron yield of the material at increased energy.
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Therefore, the energy dependent effect could possibly be cross-section dependent,
secondary electron dependent, or even a combination of both. Regardless of the energy
dependence, experimental evidence and previous literature indicate that it is still likely
that increased SiF 4 formation is the mechanism by which EBIE occurs.

4.2 Discussion of EBIE of Silicon Dioxide

There are numerous similarities between the EBIE of silicon and silicon dioxide,
however, there are some very central differences that provide vital insight into the etch
process. One of the most significant distinctions is in the lack of a spontaneous silicon
dioxide etch component. The result presented in Figure (3.9) illustrating an anisotropic
etch (a result not seen in silicon) with a vertical sidewall is likely due to the lack of
spontaneous etching. The largest etch component is at the point of beam placement,
while a small peripheral damage region is probably due scattering of electrons due to gas
collisions or x-ray irradiation as discussed previously.

The inability of XeF2 to

spontaneously etch silicon dioxide enables the study of the effects of the electrons on the
etch process without the convolution caused by simultaneous spontaneous etching as
occurs in silicon. For this reason, more in depth studies are possible on SiO 2 . The results
of various experiments involving current, energy and scan rate were all reported in the
previous chapter. However, further analysis of the experimental data is necessary for the
experiments to be truly instructive. For this reason, many of the results have been replotted to offer details about the EBIE process.
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One of the similarities between the silicon and silicon dioxide etch processes is
the response of the etch resolution to changes in current and energy. For instance, in
Figures (3.12) and (3.14) there is an increase in feature size at high currents and low
energies. The similarities between the two materials again indicate that electron probe
size is controlling the feature size.

In addition, Figure (3.11) shows an increase in

peripheral damage and roughness at higher currents—consistent with gas phase electron
scattering or x-ray generation. In addition, very similar to the results presented for silicon,
Figure (3.13) shows an increase in the volume removal at higher beam currents.
Unlike silicon, SiO 2 is an electrical and a thermal insulator. The low thermal
conductivity of a SiO 2 substrate renders is more susceptible to electron beam- induced
heating. Through this phenomenon, it is possible that mass and electron transport can be
coupled through an electron- induced surface temperature rise. For instance, electron
beam-induced heating could cause a surface temperature rise that could lower the surface
coverage of XeF2 . In this manner, an increase in current would cause an increase in
temperature and a decrease in the etch rate efficiency. Obviously, the implications of a
significant surface temperature rise must be addressed. Therefore, a Monte Carlo model
was developed to determine the energy loss profile within silicon dioxide. This data was
then used to solve the heat equation using a finite element model. A diagram of the
model is shown in Figure (2.4), and the MATLAB Monte Carlo code is presented in
Appendix A.
The simulated temperature rise as a function of incident current for a 5 keV beam
is shown in Figure (4.1). It can be seen that the temperature increases is linearly with
current. From Figure (4.6), it is not likely that thermal effects are present at low currents,
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Figure 4.6

Plot: Effect of Current on Surface Temperature (Simulation).

A plot

depicting the influence of beam current on the surface temperature of a silicon dioxide
sample as irradiated by a 5 keV electron beam.
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but at higher currents, temperature rises on the order of 60o C may have an effect. As
surface coverage is highly temperature dependent as discussed in Chapter 1, the electron
flux may directly affect the surface coverage through this phenomenon.

It is also

important to determine what, if any, effects that the etch geometry has on the surface
temperature. As EBIE is a dynamic process, the boundaries of the surface are constantly
changing. As shown in Figure (4.7), the etch geometry has a minimal effect on the
surface temperature (tenths of one degree), therefore the effect of etch profile may be
neglected.
As evidenced by Figure (3.15), the beam energy also plays a critical role in the
EBIE of silicon dioxide. In order to further investigate the possibility of thermal effects
playing a role in the etch rate, the beam energy dependence of the substrate temperature
was determined as illustrated in Figure (4.8). The rapid decrease of substrate temperature
at high energies may initially seem counterintuitive; however, this is the consequence of
the increased interaction volume at higher energy. While low energy electrons have
lower kinetic energy, they are distributed over a much smaller interaction volume. This
results in a high energy density (J/m3 ) which yields higher temperatures.
Following the determination of the factors that control electron beam- induced
heating, it is essential to establish whether the experimental data supports a thermal effect
or not. Figure (4.9) shows that the etch rate is higher for low energy and Figure (4.10)
shows the etch efficiency is lower for high currents. According to the thermal simulation
results, the low energy and the high current conditions both correspond to conditions that
favor high substrate temperature. Since the precursor (XeF2 ) surface coverage decreases
at high temperatures, it is expected that the etch rate would decrease with higher current.
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Figure 4.7 Plot: Effect of Etch Geometry on Surface Temperature (Simulation). Plots
depicting temperature increase of silicon dioxide as a function of (a.) etch diameter and
(b.) etched depth for a 10 keV, 1 nA beam.
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Figure 4.8

Plot: Effect of Energy on Surface Temperature (Simulation).

A plot

depicting the simulated surface temperature of silicon dioxide as a function of the
incident beam energy.
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Figure 4.9 Plot: Effect of Energy on Etch Rate of SiO 2 . A plot depicting the dependence
of the etched depth in silicon dioxide as a function of incident beam current.
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Figure 4.10 Plot: Effect of Current on Etch Efficiency of SiO 2 . A plot depicting the
etched depth in silicon dioxide normalized to the incident beam current.
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As evidenced by Figure (4.11), the etch rate actually increases with increased beam
current. Therefore, it is unlikely that effect of electron beam- induced heating on vapor
surface coverage has a significant impact on the overall etch rate. Based on these
observations, other potential justifications of the experimental and simulation results
were investigated.
The observed energy dependence in Figure (4.4) shows that the etch rate, and the
efficiency of the EBIE process decreases with increasing energy. The phenomenon of
electron stimulated desorption is speculated to control the silicon dioxide EBIE process.
In the case of silicon dioxide etching, it is likely that the electron beam is responsible for
the reduction of SiO 2 to silicon. In this case, the electron beam stimulates the desorption
of oxygen from SiO 2 leaving silicon exposed so that it may be etched by the silicon EBIE
mechanism. Both the beam energy dependence and the current dependence support this
type of mechanism. For instance, the decrease in efficiency at high energies could be
attributed to a decreased ESD cross-section.
Since the specific cross-section for ESD of oxygen from silicon dioxide is not
available, it is necessary to make some assumptions based on what is present in the
literature. In general, it has been observed that some ESD cross-sections actually do not
reach a maximum up to 650 eV [29]. This seems to be quite different from what is
observed in typical electron interaction cross-sections. For example, the ionization crosssection of WF6 is shown in Figure (4.5). It can be seen that the cross-section reaches a
maximum below 100 eV.

The general functionality of the ESD cross-section is

approximately the same as Figure (4.7), potentially with a maximum at much higher
energies. The energy range under study is likely to be within the region of decreasing
77

Figure 4.11

Plot: Effect of Current on Etch Rate of SiO 2 .

A plot depicting the

dependence of the etched depth in silicon dioxide as a function of incident beam current.
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cross-section. For this reason the observed energy dependence is thought to be an artifact
of the reduced ESD probability for SiO 2 at higher energies.
Another explanation for this result is analogous to what was presented for silicon;
the SE emission from the sample decreases with increasing energy. Consequently, if
ESD is facilitated by low energy secondary electrons, the etch rate would decrease at
high energies.
Silicon dioxide also exhibits an increase in etch rate for higher beam currents.
These results are plotted in Figure (4.6). It is important to note that the ESD of oxygen
from SiO 2 increases with current and the ESD cross-section increases with temperature.
It is suspected that this is further evidence for an ESD- limited etch process and could
account for the fact that there is an increased etch rate at higher currents. However, as
shown in Figure (4.5), the etch efficiency decreases with higher incident current. The
fact that the ESD process becomes more probable at high current, and is increased by
temperature seems to contradict the ESD-limited mechanism.

But this apparent

discrepanc y can be rectified by viewing the etch process as a steady-state process during
point analysis mode (incident current study). During an area analysis scan, single pixels
are scanned in a serial manner. The time that the beam is not irradiating a specific pixel
can be used to refresh that pixel with precursor vapor as ESD and thermal effects make
XeF2 adsorption during irradiation less probable. Additionally, if the process is limited
by SiO 2 reduction, then the longer the beam stays at a pixel, the less probable a reduction
event becomes. This is simply due to the fact that fewer sites are available for reduction
and time (or electrons) is being wasted in a low ESD probability regime.
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Based on these assumptions, the scan rate should have a significant impact on the
etch efficiency. A study showing the frame rate dependence in Figure (3.16) showed that
the etched volume does increase for higher scan rates. A further analysis of this data is
shown in Figure (4.12) in which the etch rate and efficiencies are plotted. Figure (4.12a)
shows that as the dwell time increases (lower frame rate), the overall etch efficiency
decreases. Figure (4.12b) shows that the etch rate also decays with longer dwell times,
but the etched depth per frame increases. This suggests that a single scan at long dwell
times will produce more etching than a single scan at high frame rate. However, the large
number of scans at high frame rates outweighs the fact that each frame does more work at
long dwell times.
One of the more interesting effects seen in Figure (4.12a) is the fact that the etch
rate does indeed decay to a steady-state value of 1 ML/sec. This is consistent with the
idea that at long dwell times, each individual pixel will reach steady-state during its dwell
time and behave as a point mode etch. Therefore, it would be expected that the point
mode experiments studying the current effects should behave in the same way as the scan
rate study given that the conditions are the same.
Figure (4.11) shows that the etch rate actually increases very sharply when higher
currents are reached. This is thought to be due to either ESD enhancement or thermal
enhancement of the ESD cross-section (simulations indicate the surface temperature is
327 K). If the low current data are extrapolated ignoring the high current enhancement, it
is seen that a current of 5.98 nA (the current used in the scan rate study) shows a steadystate etch rate of 0.9 ML/sec, which is in close agreement with the steady-state values of
the scan rate study.
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opposite of the trend illustrated by Figure (4.10) would be noticed. Due to this
observation, it is possible that in the region under a high flux of primary electrons, the

Figure 4.12 Plot: Effect of Dwell Time. A plot depicting (a.) the etch efficiency and (b.)
the etch rate and scan efficiency of silicon dioxide.
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Regarding the possibility of thermal and ESD effects, Figure (3.10) illustrates an
etched feature in which the bottom is composed of a raised, rounded feature. As was
mentioned in the previous chapter, the height of this raised feature increased as the beam
energy decreased. Therefore, if the etched depth were measured to the top of this feature,
the opposite of the trend illustrated by Figure (4.11) would be noticed. Due to this
observation, it is possible that in the region under a high flux of primary electrons, the
supply of XeF2 limits the process. If this is the case, it presents a very complicated
situation in which the peripheral electron interaction region is etched in an electron
deficient regime while the inner portion is etched in a precursor deficient mass transport
regime. Regardless of the cause of this formation, it is certainly an unwanted artifact of
the EBIE process and as such can be eliminated by the use of high beam energies.
In summary, it is likely that the silicon dioxide EBIE process is limited by the
ESD of oxygen in a two-step process. The reduction of the surface oxide is followed by a
subsequent silicon etch which accounts for the material removal.

There is no

spontaneous etching of SiO 2 by XeF2 , so when the beam is turned off, the etch reaction
ceases. For purposes of visualization, Figure (4.13) is a simplified schematic of the
possible mechanism.
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Figure 4.12 Plot: SiO 2 Etch Schematic. (a.) bare oxide; (b.) oxide decomposition; (c.)
silicon etch; (d.) etching ceases
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CHAPTER 5
Conclusions and Outlook

5.1 EBIE Mechanism

The electron-stimulated etch process is extraordinarily complex. The regimes in
which EBIE can operate effectively include mass transport limited, electron limited, and
reaction rate limited. Due to the nature of electron bombardment, it was shown that it is
possible for these to also be coupled. This makes elucidation of EBIE mechanisms a
difficult task. Further complicating the analysis is the fact that many SEM conditions are
not independent variables.

Therefore, analysis can be skewed by the experimental

instrumentation as well as the physics and chemistry that govern the process. While total
isolation of variables was not possible, extensive experimentation and analysis provided
significant understanding from which plausible EBIE mechanisms were proposed. The
following paragraphs outline the mechanistic conclusions that were reached regarding the
EBIE of silicon and silicon dioxide.
Results indicated that the electron irradiation of a silicon substrate in the presence
of XeF2 provided an increase in the etch rate relative to the spontaneous etch rate.
Because increased current had little effect on the etched depth, it was determined that the
process was in a mass transport limited regime. Earlier studies in ion beam-enhanced
silicon etching showed that the enhancement was likely due to a physical or chemical
sputtering process. Since the low mass of an electron prohibits a sputtering process, it is
likely that the electron stimulates a reaction analogous to that which occurs in the
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chemical sputtering process. This evidence in addition to the observed decrease of the
etch rate with increased beam energy (consistent with an electron-particle interaction
cross-section) supports the possibility of a chemical enhancement mechanism by which
the electron bombardment stimulates a surface reaction. It was proposed that the reaction
predominantly influenced by electron bombardment is the reaction of two SiF 3 molecules
to form a SiF 2 and a volatile SiF 4 , which subsequently desorbs. While there is no direct
experimental confirmation of the mechanism presented, the explanation is consistent with
previous literature and the presented experimental work.
Mechanistic information was also presented for the electron beam- induced
etching of silicon dioxide.

It was determined that the most probable mechanism

consisted of a two-step process limited initially by the electron stimulated desorption
(ESD) of oxygen from silicon dioxide, followed by a silicon etch process. The observed
decrease in etch rate with higher energy is consistent with a reduction of the ESD crosssection at high energies. The increase in etch rate at high currents is also in agreement
with reported ESD trends. There is also a possibility that electron beam- induced heating
caused an increase in the ESD probability. It was also determined that the frame rate with
which the area is scanned controls whether or not the process reaches a steady-state, low
efficiency regime similar to what is observed for point mode etching.

5.2 Empirical Observations

In addition to the mechanistic studies, empirical evidence was presented that
showed the effects of microscope variables on the etch process. For instance, it was
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concluded that the SEM variables were responsible for the increased etch resolution
observed at low currents and high energies. Both of these observations are consistent
with the effect of increasing the electron probe size by increasing current (via a higher
condenser lens setting) or decreasing the accelerating voltage.
Similar to the results for silicon, the same effects on etch resolution were
observed in silicon dioxide.

Increased beam energy yielded better etch resolution;

whereas increased current showed a decrease in etch resolution. The similarities of the
results for silicon and silicon dioxide were viewed as further support for the theory that
microscope electronics are capable of controlling the feature size.

This is highly

desirable for the EBIE process since microscope electronics can be improved. If the
resolution were simply governed by the physics of EBIE, process control would be
minimal.

5.3 Outlook

In order to determine with certainty the precise mechanism of EBIE of both
silicon and silicon dioxide, further studies are necessary. For example, time-dependent
monitoring of the etch species need to be analyzed during the EBIE process to determine
which type of fluorosilyl species dominate the reaction processes. In addition to these
studies, a laser-assisted EBIE process along with a temperature dependent EBIE study
should provide useful information regarding the mass transport of relevant species.
Another insightful experiment would be to compare the ion beam- and electron beamenhanced process to the results of an experiment in which both ion and electron beam
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were utilized simultaneously. This experiment should enable one to differentiate between
the enhancement observed for the physical and chemical sputtering process.
Empirical evidence showed that an increase in SEM capabilities might have a
great impact on the maximum attainable EBIE resolution, regardless of material.
Therefore, it is expected that progress in EBIE resolution will scale with the advancement
of electron optics technology. In addition, higher scan rates should allow for an optimum
etch rate for silicon dioxide to be realized.
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APPENDIX A
MATLAB Source Code

function MCSSbulk_2d
% Monte Carlo Electron Solid Interaction Simulation using Single Scattering model.
% This model will calculate the electron trajectories within a silicon dioxide
% substrate and will determine the subsequent energy deposition profile.
clear all;

% Clear the memory

close all;

% Close all open figures

clc;

% Clear the command window

tic;

% Start the calculation timer

% Define all of the global variables used in subsequent subfunctions.
global rhoS AS Za nS JS Na
%--------------------------------------------------------------------------------------------------------% PART I: Constant definitions and matrix initializations.
%--------------------------------------------------------------------------------------------------------colordef white
opengl neverselect
Na=6.022e23;

% Define the plot background color
% Set the graphics driver
% Avogadro's number

ntraj=5000;

% Number of incident electrons

Eo=1;

% Incident beam energy (keV)

Ef=.1;
plotswitch=1;

% Final energy (~0)
% Plotswitch=1 will plot the interaction region
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% SiO2 material parameters
ZanS=10.81;
AS=20;
rhoS=2.2;

% Average atomic number
% Average atomic wt (g/mol)
% Density of SiO2 (g/cc)

% Initialize the energy and position vectors for every electron.
for ii=1:1:ntraj
E(ii,1)=Eo;

% Initial energy

x(ii,1)=0;

% Initial x position

y(ii,1)=0;

% Initial y position

z(ii,1)=0;

% Initial z position

r(ii,1)=0;

% Initial r position

end
% Calculate the mean ionization potential in keV
JS=(9.76.*ZanS+(58.5./(ZanS.^0.19))).*1e-3; %Loss per event (keV)
% Initialize and seed the random number generator.
rand('state',sum(100*clock));
%Initialize backscattered electron counter
back=0;
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%------------------------------------------------------------------------------------------------------% PART II: Monte-Carlo electron position calculations.
%------------------------------------------------------------------------------------------------------%Calculate trajectories and electron x,y, and z positions.
for jj=1:1:ntraj
% Initialize a step counter to find out how many collisions are occurring
step_count=2;
cx=0;

%Initial x direction cosine

cy=0;

%Initial y direction cosine

cz=1;

%Initial z direction cosine
while E(jj,step_count-1)>=Ef
% While the energy of the electron is less than the final energy, use the
% Rutherford cross-section function to determine the step length and
% scattering angle.

[step,phi]=rutherford(E(jj,step_count -1));
% Direction vector calculations to determine change in electron positions.
AM=-(cx./cz);
AN=1./sqrt((1+(AM^2)));, V1=AN.*sin(phi);
V2=AN.*AM.*sin(phi);
psi=2.*pi.*rand;
V3=cos(psi);, V4=sin(psi);
ca=(cx.*cos(phi))+(V1.*V3)+(cy.*(V2).*(V4));
cb=(cy.*cos(phi))+(V4.*(cz.*V1 -cx.*V2));
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cc=(cz.*cos(phi))+(V2.*V3)-(cy.*V1.*V4);
% Calculate the new electron positions after a scattering event.
x(jj,step_count)=x(jj,step_count-1)+(step.*ca);
y(jj,step_count)=y(jj,step_count-1)+(step.*cb);
z(jj,step_count)=z(jj,step_count -1)+(step.*cc);
r(jj,step_count)=sqrt((x(jj,step_count).^2)+y(jj,step_count).^2);
% Calculate the energy lost after traversing a step
dE=step.*funkeval(E(jj,step_count-1));
E(jj,step_count)=E(jj,step_count -1)+dE;
deltaE(jj,step_count)=E(jj,step_count -1)-E(jj,step_count);
% Add one to the step counter
step_count=step_count+1;
% Reset the new direction cosines to the current direction cosines
cx=ca;, cy=cb;, cz=cc;
% Determination of whether or not the electron has been backscattered.
if (z(jj,step_count-1)<=0 & step_count~=2)
back=back+1; % Add one to the backscattered counter
z(jj,step_count-1)=0; % Make the final electron z position zero
break % Break the current while loop since the electron finished
end
end
end

% Ends if statement
% Ends while loop
% Ends for loop
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%------------------------------------------------------------------------------------------------------% PART III: Refine the position and energy matrices.
%------------------------------------------------------------------------------------------------------% The longest trajectory will define one dimension of the matrix.
[junk,mat_size]=size(z);
% Loop through each electron's trajectory
for ii=1:1:ntraj
% Loop through every scattering event of every electron starting at number 2
for jj=2:1:mat_size -1
% If z position is greater than or equal to the surface, the electron must
% have been backscattered. Or if the energy is below the final energy,
% the electron must have stopped.
if (z(ii,jj)<=0)
% Since the electron is finished, make all of the false zero positions
% equal to the last position in which an actual scattering event occurred.
z(ii,jj)=z(ii,jj-1);
x(ii,jj)=x(ii,jj-1);
y(ii,jj)=y(ii,jj-1);
r(ii,jj)=r(ii,jj-1);
% Since the electron is finished, make the energy in the excess zero
% positions equal to zero.
E(ii,jj+1)=0;
deltaE(ii,jj+1)=0;
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end
end
end

% Ends if statement
% Ends for statement
% Ends for statement

% Calculate the backscattered coefficient (ratio of backscattered to incident)
eta2=back./ntraj;
%------------------------------------------------------------------------------------------------------% PART IV: Sort energy data to determine energy deposition profile.
%------------------------------------------------------------------------------------------------------% Convert the position data from centimeters to meters.
r=r./100;
z=z./100;
x=x./100;
y=y./100;
% Calculate the maximum and minimum r and z positions.
maxr=max(max(r));
maxz=max(max(z));
% Define constant differential elements for the energy deposition volume.
delr=3e-9;
delz=3e-9;
% Create the rr and zz artificial position vectors.
rr=0:delr:maxr;
zz=0:delz:maxz;
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% Calculate length of the rr and zz vectors.
rnum=length(rr);
znum=length(zz);
% Energy loss matrix initialization.
E_loss=zeros(znum,rnum);
% Loop through each electron and position
for ii=1:1:ntraj
for jj=1:1:mat_size
% If the electron is backscattered, break the loop.
if z(ii,jj)<=0 & jj~=1
break
end
% If positions are within the maximum r and z positions, calculate indices
if r(ii,jj)<maxr & z(ii,jj)<maxz
% Determine the r and z indices.
indr=floor(((r(ii,jj))./delr)+1);
indz=floor(((z(ii,jj))./delz)+1);
% If either index is accidentally calculated to be zero, make it one
if indr==0
indr=1;
end
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if indz==0
indz=1;
end
% If the index is falsely high, make it the last index.
if indr>rnum
indr=rnum;
end
if indz>znum
indz=znum;
end
% Calculate the energy lost at the given position
E_loss(indz,indr)=E_loss(indz,indr)+deltaE(ii,jj);
end
end

% Ends if statement
% Ends for loop

end

% Ends for loop

% Calculate the volume elements for energy deposition.
for ii=1:1:rnum-1
volume(ii)=pi.*(rr(ii+1).^2-rr(ii).^2).*delz;
end
% Approximate the last volume element as being same as next to last.
volume(rnum)=volume(rnum-1);
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% Convert the energy lost into eV per electron per volume.
for ii=1:1:rnum
E_loss(:,ii)=E_loss(:,ii).*1000./ntraj./volume(ii);
end
%------------------------------------------------------------------------------------------------------% PART V: Output
%------------------------------------------------------------------------------------------------------% Open a new figure, output a contour plot, and label axes.
figure
contour(rr,zz,E_loss,40);
axis equal;
xlabel('radial')
ylabel('axial');
% Write the r, z, and energy loss data to 3 separate text files.
dlmwrite('rdata.txt',rr);
dlmwrite('zdata.txt',zz);
dlmwrite('elossdata.txt',E_loss);
if plotswitch==1
% Open a new figure
figure;
% Determine how many electrons to skip when plotting the interaction volume
nskip=1;
% Loop through the desired trajectories and plot on the same graph
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for ii=1:nskip:ntraj
plot(r(ii,:).*1e4,z(ii,:).*1e4);
hold on;
end
% Label the plot and axes
title('Electron-Nanopillar Interaction Region');
xlabel('radial (\mum)');
ylabel('axial (\mum)');
end
toc; % End the calculation timer
%------------------------------------------------------------------------------------------------------% PART VI: Subfunction definitions
%------------------------------------------------------------------------------------------------------% Function funkeval evaluates the energy loss function for a given energy
function [dEds]=funkeval(E)
global rhoS AS ZanS JS Na
rho=rhoS;
A=AS;
Zan=ZanS;
J=JS;
dEds=(-78500.*rho.*Zan. /A./E).*log((1.166.*E./J)+1);
return
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%------------------------------------------------------------------------------------------------------% Function rutherford evaluates the Rutherford cross-section
function [step,phi]=rutherford(E)
global rhoS AS Za nS JS Na
rho=rhoS;
A=AS;
Zan=ZanS;
J=JS;
alpha=3.4e-3.*Zan.^(.67)./E;
sigma=5.21e-21.*((Zan./E).^2).*(4.*pi./alpha./(1+alpha)).*((E+511)./(E+1024)).^2;
mfp=A.*(1./(Na.*rho.*sigma));
step=-mfp.*log(rand);
phi=acos((1-((2.*alpha.*rand)./(1+alpha-rand))));
return
% END OF PROGRAM
%--------------------------------------------------------------------------------------------------%--------------------------------------------------------------------------------------------------%---------------------------------------------------------------------------------------------------
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